The fatty acid specificity of two enzymes that metabolize ~DPdiacyIglyceroi, CDPdiacyl~ycerol hydrolase (EC 3.6.1.26) and CDPdiacylgIycerol:inositol phosphatidyltransferase (EC 2.7.8.11), has been examined in guinea pig brain. Mixed CDPdiacylglycerols were stereospecifically synthesized by the following sequence: (i) hydrolysis of a homodiacyl lecithin to 1-acyl 1ysoPC by action of snake venom phospholipase A,, (ii) reacylation with the anhydride of the desired second fatty acid and dimethyl~inopy~~ne, (iii) hydrolysis of the resultant heterodiacyl lecithin to phosphatidate with cabbage phosphoiipa~ D, and (iv) reaction of phosphatidate with CMPmorpholidate to give CDPdiacylglycerol. CDPdiacylglycerol: inositol phosphatidyltransferase showed the following rates of conversion of 40-pM suspensions of CDPdiacylglycerol in 0.15% Triton X-100 to phosphatidylinositol relative to the 1-stearoyl-2-oleoyl derivative (100%): dipalmitoyl, 70%; distearoyl, 38%; diarachi~noyl, 9%; l-arachidonoyl-2-stearoyl, 6%; l-ste~oyl-2-a~chidonoyl, 4%. These results indicate that the composition of isolated phosphatidyhnositol and related lipids is not explained by the fatty acid specificity of the biosynthetic enzymes and supports the intervention of a deacylation-reacylation sequence. The rates of hydrolysis of the synthetic CDPdiacylglycerols at 76 f~ M, in 0.3% Triton X-100, by the CDP~acylglycerol hydrolase relative to the l-st~~yl-2~ieoyl derivative (100%) were: dipalmitoyl, 70%; distearoyl, 32%; l-arachidonoyl-2-stearoyl, 30%; l-stearoyl-2-arachidonoyi, 28%; di~achidonoyi, 22%. Inhibition of this enzyme by AMP was shown to be non-competitive, with a Ki of 40 FM. The Iysosomal localization of the mammalian hydrolase was confirmed.
Introduction
The liponucleotide, CDPdiacylglycerol is an obligatory intermediate in the biosynthesis of the phosphatidylinositols and the phosphatidylglycerols. Phosphoinositides, including phosphatidylinositol (PI), phosphatidylinositol phosphate and phosphatidylinositol b&phosphate isolated from tissue sources are highly enriched in the I -stearoyl-2-arachidonoyl species, which can account for 70-80% of the isolated phospholipid The I-stearoyl-2-arachidonoyl enrichment may be related to the observation in a number of tissues, that increased metabolic turnover of PI and of phosphatidate (PA) results from physiological stimulation [6] . In vitro stimulation of blood platelets by the addition of thrombin leads to stimulated labeling from 32P. of PA and PI as well as increased release of aracmdonate [7] , and it has been suggested that the stimulated phospholipid labeling is the reflection of PI breakdown and resynthesis as part of a process by which arachidonate is released [8] . The original composition of the platelets is ultimately restored, although how stearate and arachidonate enrichment reappears in PI is not clear. Stimulated labeling of PA and PI in synaptosomes by muscarinic agents is well-documented, although a possible relationship with arachidonate release is not presently known [9] . The present studies were initiated to relate better the observed stimulated labeling in synaptosomes to the fatty acid specificities for substrates by enzymes that mediate the interconversion of the relevant lipids.
Materials and Methods
The Peroxisomes were separated from lysosomes by a Metrizamide density gradient [16] . Catalase was measured by the method of Peters et al. [17] and acid phosphatase was determined by the procedure of Baudhuin [ 181.
Chemical syntheses
The synthesis of 1 -stearoyl-2-arachidonoyl CDPdiacylglycerol is described below. Other CDPdiacylglycerols used in this study were synthesized by the same procedure ( Fig. 1) , obtained in comparable yields and judged homogeneous by TLC.
Fatty acid anhydrides [19] . 
R
and 1750 (C -0-C). NMR (C*HCl,/trimethylsilane 6): 5.35 (m, CH=CH, 8H), 2.8 (broad multiplet, C=C-CH,--C=C, 6H), 2.3 (t, CH,-0, J = 7.6 Hz, 2H), 2.1 (q, C=C-CH,, J = 7.3Hz, 2H), 2.0 (q, C=C-CH,, J= 6.9 Hz, 2H), 1.7 (quintet, CH,-CH,-CXJ J = 7.4 Hz, 2H), 1.2-1.4 (broad multiplet, -C_H,--, 6H), 0.9 (t, -CH,, J = 7 Hz, 3H).
Hetero-I,2-diacyl-sn-glycero-3-phosphorylcholine uia lysophosphatidylcholine [20] . To a solution of distearoylPC (200 mg; 0.25 mmol) in a mixture of diethyl ether (40 ml) and methanol (2.4 ml) was added a solution of l-2 mg of rattlesnake venom in 10 ml of borate buffer (0.1 M, pH 7.4) containing CaCl, (0.72 mM). The reaction mixture was vigorously stirred and heated under reflux at 37°C for 3 h. Progress of the reaction was followed by TLC solvent system A. After completion of the reaction the organic layer (containing the fatty acid) and the aqueous layer (containing the lyso compound)
were separated. The aqueous layer was washed with diethyl ether and lyophilized.
The residue was extracted with CHCl,/CH,OH (2: 1) and centrifuged.
The clear supernatant was concentrated and washed with dry diethyl ether until the calcium salt of 1ysoPC was obtained as an amorphous solid (126 mg; RF in solvent system A, HPTLC silica gel 60,0.2). It was dried by repeated evaporation from dry benzene and lyophilization from cyclohexane and converted to the 1,2-diacylPC as follows [21] [22] .
To the suspension of I-stearoyl-ZarachidonoylPC (125 mg; 0.15 mmol) in 13 ml of 0.2 M sodium acetate buffer (pH 5.6) and 2.7 ml of 1 M CaCl, were added 4 mg of phospholipase D and 7 ml of diethyl ether. The mixture was stirred overnight at room temperature.
The reaction was followed by TLC (RF of PA in solvent system B, HPTLC silica gel 60,0.94). The reaction mixture was transferred to a separatory funnel and mixed with 50 ml of methanol, followed by 50 ml of CHCl,. The aqueous layer was acidified to pH 1 (pH paper) with 6 M HCl. The organic layer was concentrated and the crude product purified by silica gel chromatography to yield 1-stearoyl-2-arachidonoyl PA as an amorphous solid (93 mg; 0.13 mmol; 87%). Infrared (r~,,,,.., CHCl,, cm-'):
NMR resonances were very broad and unresolved in all solvents examined (C2HC13/trimethylsilane, S): 5.5 (CH=CH, 9H),
In were located by autoradiography on Kodak XRP-5 X-ray film. No CTP was detected. CMP was recovered (70%) from the paper by repeated extraction with 0.01 M HCl. The aqueous solution was concentrated and combined with 300 mg of unlabeled CMP sodium salt before passing through a 10 ml Dowex-H+ column. The CMP-free acid was eluted with 0.01 M HCl, the aqueous solution concentrated to 5 ml and converted to [5-3H]cytidine-5'-monophosphomorpholidate [24] . The resultant product had a specific activity of 0.48 mCi/mmol.
Ultraviolet: h,,, = 278 nm. NMR (2H20, S): 7.8 (d, cytidine-6, J = 7.5 Hz, lH), 5.9 (d, cytidine-5,J= 7.5 Hz, lH), 5.8 (d, ribose-1, J = 4.0 Hz, lH), 4.2-3.8 (ribose-2',3',4',5', 5H), 3.8-2.9 (CH,O, CH,N, CHO, CHN, 18H) 2.09-1.0 (m, cyclohexyl -CH,--, 20H).
[
A mixture of lstearoyl-2-arachidonoylPA (30 mg; 0.04 mmol) and the 4-morpholine-N, N'-dicyclohexylcarboxamide salt of [5-3H]cytidine-5'-monophosphomorpholidate (40 mg; 0.058 mmol; 0.48 mCi/mmol) was dried by repeated lyophilization from dry benzene (4 X 5 ml). The residue was suspended in 2 ml of freshly distilled dry pyridine under dry nitrogen atmosphere and stored in an evacuated desiccator over P,OS. The reaction was followed by TLC (solvent system B). After 5 days the reaction mixture was evaporated to dryness and the residue dissolved in 2 ml of CHCl,/CH,OH/H,O (2: 3 : 1). The solution was cooled to 0°C and the pH of the solution adjusted to 3.5 with cold 0.01 M HCl. The chloroform and aqueous layers were separated and the aqueous layer re-extracted with chloroform (2 X 5 ml). The combined chloroform layers were washed with water and concentrated. Examination of phospholipase A,-released fatty acids showed that lo-15% acyl migration from the l-to the 2-position had occurred (Table I) . There was no evidence of further degradation of the 1ysoPC.
Results

Synthetic CDPdiacylglycerols
Commercially available 1,2-dipalmitoylor 1,2-distearoylPC was used as starting material for compounds I-IV (see legend, Fig. 1 ). To synthesize compounds V and VI, sn-glycero-3-phosphorylcholine was diacylated with arachidonic anhydride to give the diarachidonoylPC.
The acylation reactions, carried out at room temperature, take 24-36 h for completion and proceed in 70-90% yield. The NMR spectrum clearly shows the presence of stearoyl and arachidonoyl moieties in the I-stearoyl-2-arachidonoylPC ( Fig. 2 ; also see Silica gel chromatography did not separate CDPdiacylglycerols from unreacted CMPmorpholidate. The presence of the radioactive morpholidate raised the value of the enzyme blanks, which was particularly troublesome in the assay of relatively inactive substrates. This problem was overcome by the use of the DEAE-cellulose [25] . The purified 1-stearoyl-2-arachidonoyl CDPdiacylglycerol contained 96.5% of the theoretical amount of phosphorous based on a calculated molecular weight of 1063 for the anhydrous diammonium salt.
Kinetic studies
CDPdiacylglycerol: inositol phosphatidyltransferase.
CDPdiacylglycerol : inositol phosphatidyltransferase activity against the synthetic substrates showed an absolute requirement for added detergent. The activity of lstearoyl-2-arachidonoyl CDPdiacylglycerol was only 4% of 1 -stearoyl-2-oleoyl CDPdiacylglycerol activity and I-arachidonoyl-2-stearoyl and diarachidonoyl CDPdiacylglycerols were only slightly more active than the I-stearoyl-2-arachidonoyl derivative.
To verify that the low activity of the arachidonoyl-containing lipids with CDPdiacylglycerol : inositol phosphatidyltransferase was not due to the inactivation of the enzyme by trace amounts of peroxides or other impurities from the arachidonoyl group, the enzyme preparation was preincubated with I-stearoyl-Zarachidonoyl CDPdiacylglycerol before adding dipalmitoyl CDPdiacylglycerol. Results in Table III show that the I-stearoyl-2-arachidonoyl CDPdiacylglycerol inhibited the conversion of dipalmitoyl CDPdiacylglycerol in a concentration-dependent manner. No peroxidation products were detected [26] in the 1-stearoyl-2-arachidonoyl CDPdiacylglycerol preparations. Addition of dithiothreitol did not protect the enzyme against Triton inactivation.
CDPdiacylglycerol hydrolase
As previously noted [ 151, CDPdiacylglycerol hy -TABLE III  EFFECT  OF PREINCUBATION  WITH  I-STEAROYL-2-ARACHIDONOYL  CDP-DIACYLGLYCEROL  ON INOSITOL  TRANSFERASE TABLE IV   KINETIC  MEASUREMENTS  OF  CDP-DI-ACYLGLYCEROL  HYDROLASE  WITH  SYNTHETIC  CDP-DIACYLGLYCEROLS   All determinations were conducted in the presence of 0.3% Triton X-100 under standard assay conditions. K, values were determined as in Table II . Reaction rates were established with 76 pM substrate concentrations. Menten kinetics (Fig. 3) , although the apparent K, increased as the concentration of Triton increased. This variation in K, is not seen when the substrate concentration is expressed as the mole fraction of the substrate in the substrate-Triton X-100 micelle (Fig. 4) .
The effect of varying the fatty acid substituents of CDPdiacylglycerol on the hydrolase is shown in The value of K, remained unchanged with the age of a given enzyme preparation as V,,, decreased. l-stearoyl-2-oleoyl CDPdiacylglycerol was the most active substrate. The presence of arachidonate in either the l-or 2-position decreased the rate of hydrolysis.
The previously described inhibition of CDPdiacylglycerol hydrolase of bacterial or mammalian origin by AMP [ 15,271 was studied. Kinetic analysis indicated that AMP lowered the V,,, but did not affect the K, (Fig. 5) of CDPdiacylglycerol hydrolase. The apparent Ki of AMP is 40 PM.
Subcellular localization of CDPdiacylglycerol hydrolase
Several lipid-metabolizing enzymes have been localized to peroxisomes [ 161. Since peroxisomes often contaminate iysosomal fractions, it was possible that CDPdiacylglycerol hydrolase was a peroxisomal rather than a lysosomal enzyme. It was, therefore, of interest to separate peroxisomes from lysosomes.
As shown in Fig. 6 , the hydrolase accompanied the lysosomal and not the peroxisomal marker. 
Discussion
Chemical synthesis of lecithins with different fatty acyl groups on the l-and 2-sn-glycerol positions (hetero PCs) via I-acyl 1ysoPC retains steric purity, although positional problems arise due to acyl migration from the l-to the 2-position of the 1ysoPC. To minimize acyl migration, it is desirable that the phospholipase AZ-catalyzed deacylation and the subsequent chemically catalyzed reacylation proceed rapidly and under mild conditions. PC rather than PA is used as the initial substrate, since the latter reacts only slowly and incompletely with the phospholipase A, preparation employed. The completeness of the deacylation of PC makes it unnecessary to purify the 1ysoPC intermediate, a step that would likely lead to further acyl migration.
The subsequent dephosphorylation with phospholipase D is nearly quantitative. Introduction of fatty acid into lysoPC, rather than into lysoPA, also avoids the possibility of cyclization to the 2,3-phosphate ester. Investigation of the hetero PCs synthesized in the present study (Table I) by phospholipase A, action, followed by GLC, indicated that 85, 82 and 85% of the I-stearoyl-2-arachidonoyl, 1-stearoyl-2-oleoyl and larachidonoyl-2-stearoyl preparations, respectively, were the desired regioisomer. This yield is somewhat less than was reported by Gupta et al. [21] , who used dimethyl-4-aminopyridine as the catalyst. During the course of the present study, isomerit purity similar to ours with this catalyst were reported by Mason et al. [28] , who additionally reported lysolecithin acylation in the presence of a different catalyst, 4-pyrrolidinopyridine.
CDPdiaglycerol hydrolase and CDPdiacylglycerol : inositol phosphatidyltransferase follow Michaelis-Menten kinetics at constant detergent concentration, unlike a number of lipolytic enzymes [29-321. Apparent V,,, of the reaction is independent of the concentration of Triton X-100, but K, increases with the concentration of Triton (Fig. 3) . The apparent inhibitory effect of high concentrations of Triton on enzyme activity is probably due to surface dilution, as suggested by Deems et al. [29] . That is, increasing the Triton concentration decreases the mole fraction of phospholipid in the phospholipid-Triton X-100 mixed micelle. Metabolic studies indicate that non-1-stearoyl-2-arachidonoylP1 is formed initially [35, 36] , is likely deacylated and the resultant lysoP1 then reacylated with arachidonoyl-CoA.
The present studies further preclude the likelihood that 1-stearoyl-2-arachidonoyl CDPdiacylglycerol is a precursor of 1 -stearoyl-2-arachidonoylP1, since it is a relatively poor substrate for the transferase reaction.
Isolated I-stearoyl-2-arachidonoyl diacylglycer-01 may be the product of PI phospholipase C action on 1-stearoyl-2-arachidonoylP1 [37] . 1 Stearoyl-2-arachidonoyl CDPdiacylglycerol could then be formed by phosphorylation of the diacylglycerol to 1 -stearoyl-2-arachidonoylPA via diacylglycerol kinase, followed by conversion to CDPdiacylglycerol by the action of CTP: phosphatidate cytidylyltransferase [38, 39] . It is alternatively possible that the isolated I-stearoyl-2-arachidonoyl CDPdiacylglycerol arises from lstearoyl-2-arachidonoylP1
and CMP via reversal of CDPdiacylglycerol: inositol phosphatidyltransferase [40] . The fatty acid specificity of phosphatidylinositols in the back-reaction is not known. It is of interest that enzymatic deacylation of phosphatidylinositol, like the two enzymes described in the present study, is relatively inactive with the I-stearoyl-2-arachidonoyl species [41] . The apparent relative resistance of arachidonate-containing lipids to this deacylase may in part account for the predominance of the I-stearoyl-2-arachidonoyl moiety in isolated PI, while the relative inactivity of both the hydrolase and transferase for 1-stearoyl-2-arachidonoyl CDPdiacylglycerol could also account for the preponderance of the lstearoyl-2-arachidonoyl moiety in isolated CDPdiacylglycerol.
While arachidonate for prostanoid synthesis can come from a number of phospholipid classes [42] , its release from I-stearoyl-2-arachidonoyl lipids may account for the wellknown phospholipid labeling effect and play a central regulatory role [9, 43] .
